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Ion Permeation and Selectivity in a Voltage Gated Sodium Channel
Ben Corry, Michael Thomas.
University of Western Australia, Perth, Australia.
Ion channels regulate electrical signalling in cells by opening and closing selec-
tive pores across the membrane in response to stimuli. In order to carry out their
function, such channels must be able to rapidly transport ions at the same time
as effectively discriminating between different ion types so that the correct sig-
nal can be passed without destroying the electrochemical gradients across the
membrane. Investigations into how ions permeate through membrane channels
have been focussed onKþ selective channels due to the availability of a number
of high resolution crystal structures. The recent publication of the first high res-
olution crystal structure of a voltage gated sodium channel, 1 however, opens
the door to understanding how sodium ions permeate into the cell and how Naþ
can be transported while blocking the passage of Kþ.
Using molecular dynamics simulations and free energy calculations we are able
to demonstrate the loosely coupled multi-ion knock-on basis of ion permeation
through the channel and identify the major binding sites for ions. The nature of
these binding sites, the degree of coupled motion and the ability of ions to pass
through the channel with the majority of their hydration shell is very different
to the situation in potassium channels. Selectivity arises due to the inability of
Kþ to fit between a plane of glutamate residues with the preferred solvation
geometry that involves water molecules bridging between the ion and carbox-
ylate groups.
1. J Payandeh, T Scheuer, N Zheng & WA Catterall, Nature, 475, 353-358
(2011).
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A reduced model of a sodium channel is analyzed using Dynamic Monte Carlo
simulations. These include the first simulations of ionic current under approx-
imately physiological conditions through a model sodium channel and an anal-
ysis of how mutations of the sodium channel’s DEKA selectivity filter motif
transform the channel from being Naþ selective to being Ca2þ selective.
Even though the model of the pore, amino acids, and permeant ions is simpli-
fied, the model reproduces the fundamental properties of a sodium channel
(e.g., 10 to 1 Naþ over Kþ selectivity, Ca2þ exclusion, and Ca2þ selectivity
after several point mutations). In this model pore, ions move through the pore
one at a time by simple diffusion and Naþ versus Kþ selectivity is due to both
the larger Kþ not fitting well into the selectivity filter that is crowded with
amino acid terminal groups and Kþ moving more slowly (compared to
Naþ) when it is in the selectivity filter.
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Voltage gated proton channels (HV1) are the most selective channels known,
with no detectable permeability to any ion besides Hþ. Two classes of proton
selectivity mechanisms have been proposed: (a) frozen water wires, and (b) a ti-
tratable residue in the permeation pathway. We have identified the selectivity
filters of proton channels in two evolutionarily distant species, Karlodinium
veneficum (a dinoflagellate) and Homo sapiens. In both, selectivity is imparted
by the presence of an aspartate residue in the middle of the S1 transmembrane
domain: Asp112 in human hHV1and Asp
51 in Karlodinium kHV1. Neutralizing
mutations of this key Asp residue result in loss of proton specificity. Among
mutants tested, only Glu replacement of the critical Asp retained selectivity.
To our complete surprise, mutant channels were anion selective in both species.
Astonishingly, His at this key location also compromised proton specific con-
duction - His mutants in both species were permeable to Cl-. Given the strong
similarity of hHV1 and the VSD (voltage-sensing domain) of voltage gated K
þ
and Naþ channels, we expected that a His residue located at the constriction of
the channel would promote proton conduction. This expectation was based
largely on the elegant studies of Starace and Bezanilla (2001, J. Gen. Physiol.
117:469-490; 2004, Nature. 427:548-553) who showed that Arg/His replace-
ment in S4 of the Shaker Kþ channel VSD results in proton conduction.Evidently, proton specific conduction in voltage gated proton channels requires
an acidic group at the selectivity filter. That the same phenomenology (Asp or
Glu are required, other mutants including His are anion permeable) occurred in
such disparate species as dinoflagellate and human (only 15% identity in
a global, pair-wise alignment) suggests that these features reflect universal
properties of the proton selectivity mechanism.
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Maintaining a high Kþ concentration in the cytoplasm is essential for physio-
logical functions of all cells. In bacteria, fungi, and plants, Kþ uptake is medi-
ated mainly by members of a superfamily of Kþ transporters (SKT), which are
distantly related to Kþ channels. We have initiated a study on structure and
function of a two-component bacterial Kþ uptake system, which is composed
of an integral membrane protein TrkH, and an associated cytosolic protein
TrkA. TrkH, along with its orthologs TrkG and KtrB, constitutes the largest
subfamily of SKT proteins. The structure of TrkH has been solved recently,
which reveals an architecture similar to a Kþ channel but with a much shorter
selectivity filter and an intramembrane loop that blocks the ion permeation
pathway. We have reconstituted the purified TrkH or TrkH-TrkA complex
into liposomes, and developed functional assays to examine hypotheses on
mechanisms Kþ selectivity and transport.
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Ample evidence indicates that carbonyl groups on amino acids in the selectivity
filter are responsible for Kþ selectivity by the KcsA potassium channel, al-
though the mechanism of Kþ selectivity is incompletely understood. Here we
present results of steered molecular dynamics (SMD) simulations of ion move-
ment through the length of the KcsA channel. Our goal was to determine
whether peaks in potential mean of force (PMF) within the selectivity filter,
which would indicate strong coordination of the Kþ, could be identified by
SMD. One Kþ ion was placed in position S1 of a KcsA tetramer that had
been inserted in a POPC bilayer and solvated in water, and the system was min-
imized and equilibrated. A 5 ns simulation was initiated with a force of 1 kcal/
mol/A˚2 for a fictitious spring and atom that drags the Kþ though the channel
with a speed of 10 A˚/ns. As the ion was moved from the central water-filled
cavity in the channel through the selectivity filter, four regions of very rapid
step-wise change in PMF were found in the channel. Each relative peak and
subsequent rapid drop in PMF corresponds to a region in the selectivity filter
that has been identified as a site for ion binding (S1, S2, S3 and S4). Another
region of very rapid change in the PMF was found in a region corresponding
to a ring of 4 amino acids (THR 107) where the channel is constricted to its
smallest radius of about 2.5 A˚. This region of the protein is relatively rigid.
The PMF profile of different monovalent cations and the effect of amino
acid substitutions near the constricted region of the channel on the selectivity
of KcsA are the subject of ongoing investigations.
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The van der Waals attraction between lipid membranes depends on the polar-
izability of solute molecules present in the aqueous space between neighboring
membranes [1]. In particular, zwitterionic molecules (such as common pH
buffers) have been shown to affect van der Waals forces more strongly than
monovalent salt ions [2]. Experimentally, changes in van der Waals forces
are detected by x-ray scattering measurements of multilamellar lipid vesicles
through the sensitivity of lamellar repeat distances to solution polarizabilities.
In this respect, a direct determination of solute polarizabilities would lend sup-
port to the interpretation of x-ray data. Here we use a recently developed
method [3] to quantify the polarizabilities of zwitterionic pH buffers including
MES, MOPS, and HEPES. This method calculates a solution function r(c)
which gives the polarizability of hydrated solutes as a function of concentration
(c) by combining mass density and index of refraction measurements into a di-
mensionless quantity. We obtain that the zwitterionic molecules considered are
significantly more polarizable than NaCl used as reference. These results are in
